Abstract The bulk dissolution rates of six biogenic carbonates (goose barnacle, benthic foraminifera, bryozoan, sea urchin, and two types of coralline algae) and a sample of mixed sediment from the Bermuda carbonate platform were measured in natural seawater at pCO 2 values ranging from approximately 3000 to 5500 latm. This range of pCO 2 values encompassed values regularly observed in porewaters at a depth of a few cm in carbonate sediments at shallow water depths (\15 m) on the Bermuda carbonate platform. The biogenic carbonates included calcites of varying Mg content (2-17 mol%) and a range of specific surface areas (0.01-2.7 m 2 g -1
Introduction
Ocean acidification (OA) is predicted to cause a decrease in calcification rates (Riebesell et al. 2000; Andersson et al. 2011; Pandolfi et al. 2011; Chan and Connolly 2013) , and an increase in dissolution rates (Silverman et al. 2007 (Silverman et al. , 2009 ; Andersson et al. 2011; Andersson and Gledhill 2013; Comeau et al. 2015) for most marine calcifying communities. Such changes could eventually force a transition from a state of net calcification to one of net dissolution for these communities including coral reefs (Andersson et al. 2005; HoeghGuldberg et al. 2007; Silverman et al. 2009 ). However, the rate and the extent to which carbonate dissolution in the natural environment will be affected by OA is currently not well understood, making it difficult to predict when and under what conditions such a transition to net dissolution could occur. A large body of work has been dedicated to studying the effects of OA on calcification rates of marine organisms and communities (e.g., Riebesell et al. 2000; Langdon and Atkinson 2005; Hofmann et al. 2010; Müller et al. 2010; Erez et al. 2011) , but the effect of OA on dissolution of carbonate substrates and sediments in natural systems has so far received less attention (Andersson and Gledhill 2013; Eyre et al. 2014) .
Despite the disproportional efforts devoted to studying calcification and CaCO 3 dissolution in the context of anthropogenic OA, a significant amount of research has been dedicated to carbonate dissolution in the context of early sediment diagenesis, open ocean and deep-sea CaCO 3 deposition, paleo-reconstruction, and past climate change (e.g., Friedman 1964; Broecker 1974; Archer et al. 1989; Archer and Maier-Reimer 1994; Arakaki and Mucci 1995; Jahnke and Jahnke 2004) . In particular, the solubility, rate, and mechanisms of calcite dissolution have been extensively studied (e.g., Plummer and Wigley 1976; Sjöberg 1976; Plummer et al. 1978; Rickard and Sjoeberg 1983; Arakaki and Mucci 1995; Hales and Emerson 1997) . Fewer studies have attempted to investigate similar properties for biogenic carbonates, and only a fraction of these studies have attempted to characterize these properties in natural seawater and under conditions typically observed in the natural environment (e.g., Keir 1980; Morse 1984, 1985; Woosley et al. 2012; Yamamoto et al. 2012) . Many experiments with biogenic carbonate substrates have been done in pure water (Chou et al. 1989; Svensson and Dreybrodt 1992; Cubillas et al. 2005) , with samples that have not been ultrasonically cleaned to remove submicron particles (Keir 1980) , with calcite powders or very small grain sizes (Sjöberg 1976; Busenberg and Plummer 1986) and/or at seawater pH levels and saturation states far from equilibrium and much lower than conditions commonly observed in the shallow marine environment (Walter and Morse 1985; Cubillas et al. 2005) . These results have provided valuable mechanistic understanding and information of carbonate dissolution under those particular conditions, but are difficult to directly extend to natural systems where factors such as inhomogeneous mineral phases, inhibitors, and adsorbed organic material are known to affect dissolution rates (Morse and Arvidson 2002; Morse et al. 2007 ). Despite the many laboratory studies of carbonate dissolution, a significant disparity currently exists between laboratory measurements and field observations, and reconciling this disparity remains one of the great challenges in the study of biogenic carbonate dissolution (Morse and Arvidson 2002; Morse et al. 2007 ). In light of ongoing anthropogenic OA, bridging this gap has become increasingly important in order to predict future consequences to carbonate substrates, sediments, structures, and the marine communities dependent on the production and accumulation of CaCO 3 . Thus, it is critical to understand what biogenic calcareous substrates are most vulnerable to OA (solubility), how fast these substrates dissolve under different CO 2 conditions (kinetics), and how mineral characteristics such as mineralogy (Mg content) and microstructure (surface area) control these properties.
Calcites of Mg content greater than 8-12 mol% are generally more soluble than aragonite and their low-Mg counterparts (Plummer and Mackenzie 1974; Mackenzie et al. 1983; Busenberg and Plummer Busenberg and Plummer 1989; Bischoff et al. 1993) , though the solubility of biogenic Mg-calcites in seawater is the subject of significant controversy, as there are two widely used solubility curves. At this time, it is not known which of these curves is the best representation of biogenic Mg-calcite solubility in the natural environment, but it has been hypothesized that dissolution of Mg-calcites will be a ''first responder'' to OA (Morse et al. 2006; Andersson et al. 2008) . However, because of the uncertainty surrounding Mg-calcite solubility and the relatively few experiments measuring biogenic Mg-calcite dissolution rates, predictions of the effect of OA on these mineral phases currently include substantial uncertainty (Morse et al. 2006) . Furthermore, it has been shown that under certain conditions microstructure and surface area are more important than the thermodynamic mineral stability in controlling relative rates of dissolution (Walter and Morse 1985) . Walter and Morse (1985) measured the dissolution rates of shallow-water marine carbonates of varying mineral composition (\1-18 mol% Mgcalcite, Iceland spar, synthetic calcite, and biogenic aragonites) and microstructure (BET specific surface areas of 0.03-24 m 2 g -1 ) using a pH-stat reactor (Morse 1974a) . These authors found that in seawater undersaturated with respect to aragonite, aragonitic samples with high specific surface areas dissolved faster than thermodynamically less stable high Mg-calcites (16-18 mol% Mg).
The present study builds on the seminal work of Walter and Morse (1985) , but at experimental conditions defined by observations from natural carbonate sediments on the Bermuda coral reef platform. The goal of this study was to determine empirical bulk reaction rates for a variety of shallow-water biogenic carbonate samples in natural seawater under environmental and chemical conditions commonly observed in sediments and porewaters on the Bermuda platform. We do not attempt to address mechanistic questions, but instead offer empirical dissolution rates of biogenic carbonates under conditions close to the natural environment and evaluate the correlations between mineral composition, microstructure (surface area), and dissolution rates in natural seawater. The organisms studied here represent a range of mineral compositions (2-17 mol% Mg-calcite) and microstructures (BET surface areas 0.01-2.7 m 2 g -1
). The results provide valuable insight into the dissolution rates of these organisms and sediments under variable seawater carbonate chemistry conditions and thus also provide insight on how these substrates may be affected by future OA.
Materials and Methods

The Bermuda Carbonate Platform
The Bermuda sediment is composed almost entirely of carbonate minerals from marine calcifying organisms, and pCO 2 levels in the porewater are much higher (up to 7500 latm) than is typically observed in surface seawater because of microbial decomposition of organic matter in the sediments. The pCO 2 levels employed in this study were based on samples collected every other month from porewater wells in Bermuda at five different sites over a 1-year period. The porewater pH NBS over this period ranged from 7.3 to 7.7 (Fig. 1) , and the dissolved inorganic carbon (DIC) varied between 3000 and 5000 lmol kg -1 (Fig. 1 ), corresponding to pCO 2 values between *1820 and 7500 latm. The pCO 2 values used in this study were intermediate of these values, at *3000-5500 latm. The grain size used for these experiments was chosen to represent some of the most dominant grain sizes in the Bermuda sediment, based on sediment cores taken from the same five sites as the porewater wells (Fig. 2) . The coarse sand fraction (500-1000 lm) dominated at all five sites, but because a 500-lm size range is broad enough that there could be significant differences in dissolution rates of grains between these sizes, the fraction of 850-1000 lm was used in these experiments.
Reactor Design
The reactor constructed for these experiments is shown in Fig. 3 . The reactor cells consisted of two 250-mL jacketed Pyrex Ó beakers. The cells were temperature-controlled to ±0.1°C using an Isotemp Ó circulating water bath. Sierra Smartrak Ó S50 mass flow controllers (MFC) were used to control the flow of nitrogen and carbon dioxide [±0.01 standard liters per minute (slpm) and ±0.01 standard cubic centimeters per minute (sccm), respectively]. The nitrogen flow rate was maintained at 2.00 slpm, and the CO 2 flow rate was varied from 9.00 to 14.00 sccm to control the experimental seawater pCO 2 . The CO 2 and N 2 were delivered from the mass flow controllers to a T-connection in the gas lines to be mixed, and then flowed into a gas humidifying chamber consisting of a 1-L Pyrex Ó Erlenmeyer flask filled with approximately 100 mL of seawater. The humidified gas was then split and delivered to both reactors through borosilicate glass Pasteur pipettes. Fritted glass gas dispersion tubes were avoided as they can trap calcite within their frits even after thorough cleaning, contributing to the ''memory'' of the system (Morse 1974a, b) .
The pH and temperature were monitored using Metrohm Ecotrode Plus Ó electrodes in combination with an Orion Versastar Ó meter and automatic temperature compensation (ATC) probes. The pH measurements were recorded with a precision of ±0.001 pH units (±0.01 mV) (see Procedures for calibration details), and temperature was recorded to ) as a function of sediment depth (cm) on the Bermuda carbonate platform. SFC represents samples collected in the top 1 m of the water column, which agreed well with samples collected close to the bottom. Both water column and pore water samples were collected every other month for a 1-year period. The error bars indicate 1 standard deviation. Horizontal dashed lines represent the sediment-seawater interface. Note that the pH measurements were incorrectly made on a low ionic strength pH scale, and thus, absolute values should be considered with caution. However, we have no reason to believe that the relative pH changes as a function of sediment depth were incorrect ±0.1°C. The Orion meter was connected to a laptop computer, and temperature and pH data were recorded continuously using HyperTerminalÓ. The cells were fitted with identical custom-made rubber lids, with ports for the temperature, stirring, and pH probes, as well as an additional port for the gas pipette and an air vent. The lids were composed of two pieces stacked on top of one another, held together by screws with an O-ring in between. The screws could be tightened or loosened to expand or contract the O-ring and adjust the lid's seal. The solution was stirred using Orion Ó stir probes with propellers.
Materials Used and Their Preparation
Seawater
For each experiment, approximately 1 L of natural seawater from the flow-through system at Scripps Institution of Oceanography (SIO) (salinity *33) was filtered using a vacuum filtration system and 0.47-lm Millipore HVLP filters. The filtered seawater was exposed to UV light using a low-pressure mercury lamp (dominant wavelength: 254 nm, intensity: 6 mW cm -2 , surface area: 15 cm 2 ) for 2 h. After UV exposure, the water was allowed to cool, and its salinity was measured using an YSI Pro-Plus Ó meter equipped with a Quatro Ó (ISE-DO-Cond-T) cable (±0.1) and stored in a 1-L Pyrex glass screw-top bottle. Each bottle provided enough seawater for one complete set of dissolution experiments at one pCO 2 level: 245 g of seawater for each reactor cell, 100 g of seawater for the gas humidifier, and 245 g of seawater for the pre-dissolution gas equilibration tests conducted to characterize the seawater chemistry before dissolution. One seawater sample was taken per batch of UV-treated seawater and analyzed for nitrate (NO 3 -), nitrite (NO 2 -), phosphate (PO 4 3-), silicate (Si(OH) 4 ), and, when possible, ammonium (NH 4 ? ).
Mineral Samples
All biogenic samples used in this experiment were collected in Bermuda. Upon collection, the samples were soaked in bleach for 12 h, then rinsed in deionized water, and dried at 60°C for 12 h. Iceland spar calcite obtained from Fisher Scientific was also used to provide a reference rate for a homogenous and well-characterized calcareous substrate.
Prior to dissolution, the mineral samples were crushed and ground in methanol using a glass mortar and pestle (excluding the mixed sediment, which was not ground prior to sieving). Grinding is known to strain the crystal structure (Chave and Schmalz 1966; Walter and Morse 1985) , increasing surface dislocations and thus increasing the surface free energy of the crystal (Schott et al. 1989) . Some experimenters (e.g., Morse 1984, 1985) have recommended that samples be annealed after grinding, to stabilize the crystal structure, but have observed that annealing the substrate reduces the observed dissolution rate by up to 80 % (Walter and Morse 1985) . Thus, this step was not taken in these experiments. Instead, the samples were ground with methanol, which reduces the crystal strain of the grinding process. After grinding, the size fraction 850-1000 lm was selected by sieving using brass US standard sieves. This grain size was chosen to represent the most dominant size fraction observed in the Bermuda sediment, as previously discussed. After grinding and sieving, the grains were ultrasonically cleaned in ethanol, decanting the ethanol solution and sonicating until the overlying ethanol remained clear after sonication. The sample was then oven-dried at 60°C for approximately 12 h.
Analytical Procedures
pH Electrode Calibration
Before a series of experiments, the Nernstian behavior of the pH electrodes was evaluated using low ionic strength buffers 4.00, 7.00, and 10.00 at 25°C. The electrodes were then calibrated on the total pH scale using a single point Tris buffer prepared in synthetic seawater (pH 8.11 at 25°C; Dickson 1993) before each experiment. However, note that these continuous pH measurements were simply used to monitor the progress of the reactions and were not used for any quantitative purposes. In previous studies, continuous pH measurements have been used to calculate instantaneous dissolution rates and mineral solubility (e.g., Plummer et al. 1978; Keir 1980; Gehlen et al. 2005) , but in the present case integrated bulk dissolution rates were calculated based on alkalinity anomalies over the duration of each experiment. The electrodes were reevaluated in the same Tris buffer after each experiment to characterize electrode drift, which was found to be less than ±0.003 pH units, and considered negligible, in all experiments.
Solid Sample Characterization
The mineral compositions of the samples were determined by X-ray diffraction (XRD), using the calculated offset of the calcite peak to determine the Mg content using the data of Goldsmith et al. (1961) . Calcium fluoride was used as an internal standard in all samples. This analysis was performed by the Crystallography Laboratory at UC San Diego using a Bruker Powder Diffractometer with a Cu radiation source. The scanning speed used for all samples was 0.1°min
, and the scan window used was 27°-32°. The reproducibility of the analysis was found to be ±0.4 mol% Mg based on repeated analysis of the Iceland spar, and the accuracy of the calculations based on the Goldsmith et al.'s (1961) calibration curve is likely within ±1 mol% (Nash et al. 2013) .
The mineral composition of the mixed sediment was estimated based on analysis of sediment of the same size fraction, collected from the same site, which was determined to be mostly (*70 %) aragonite, but containing approximately 23 % (by weight) Mg-calcite with an average composition of 15 mol% MgCO 3 (Andersson et al. in preparation) . The remainder was made up of calcite with low Mg content.
The surface area of the experimental substrates was determined at 80°K using a 4-point krypton gas adsorption and application of Brunauer-Emmett-Teller (BET) theory (de Kanel and Morse 1979) . This analysis was performed by Particle Technology Labs in Chicago, IL, using a Quantachrome Autosorb 3B.
Control Experiments
A series of control experiments were conducted to evaluate the reproducibility of reactor conditions between experiments and to ensure that the chemistry in the two cells was as close to identical as possible ( Fig. 4a-c) . These experiments consisted of equilibrating UVtreated seawater to a set CO 2 level and allowing the gas to bubble for approximately the length of time of one dissolution experiment and for a range of times from 0.5 to 8 h to examine the effect of evaporation on the seawater chemistry over time. After equilibration, the seawater was collected and stored in 200 mL Kimax Ó bottles, and DIC and total alkalinity (TA) were analyzed for comparison to seawater from the same UV ''batch'' that had not been equilibrated. These experiments were repeated a total of 16 times, over several CO 2 levels ranging from the highest to lowest levels used in the dissolution experiments. The average DDIC (DIC reactor 1-DIC reactor 2) was 2.83 ± 2.29 lmol kg -1 (n = 8) (Fig. 4a) , and the average DTA after equilibration between the two reactor cells was found to be 1.93 ± 1.24 lmol kg -1 (n = 8) (Fig. 4b ). The precision of both the TA and DIC measurements was ±1-3 lmol kg -1 , so this level of precision between the two cells was considered satisfactory.
Evaporation Corrections
The gas equilibration experiments procedures outlined above were extended to several experiments to quantify the rate of evaporation in the reactor cells. While every effort was made to minimize evaporation, the system was not sealed and closed to the atmosphere, so some evaporation was unavoidable. The average rate of increase in TA due to evaporation was found to equal 3.41 ± 1.67 lmol kg -1 h -1 (n = 32) (Fig. 4e ). This amounts to an average increase in TA of 6.81 ± 3.34 lmol kg -1 over the course of a 2-h dissolution experiment, which was corrected for in the dissolution rate calculations (Eq. 1). Since the pre-dissolution seawater chemistry was based on measurements of a sample that had been gas-equilibrated for 40 min to the desired experimental pCO 2 conditions, no evaporation correction was required for the equilibration time.
Dissolution Experiments
Gas Equilibration/Starting Conditions
For each experiment, 245 g of the designated batch of UV-treated seawater was equilibrated to a target pCO 2 level, controlled by the relative flow rate of the CO 2 and N 2 gases. During the equilibration, both electrodes and ATC probes were in the same cell, and the pH measured by both electrodes was recorded. After 40 min, the equilibrated seawater was collected by siphoning (see Sect. 2.5.3) and bottled in 200-mL screw-top Kimax Ó bottles. This sample represented the seawater conditions before carbonate substrate dissolution was initiated. The DIC and TA of this sample were analyzed to characterize the complete carbonic acid system of the seawater before the mineral sample was added.
Dissolution
The remaining seawater from each UV-treated ''batch'' was used for the dissolution experiments. Approximately 245 g of seawater was weighed exactly and quantitatively transferred to each cell. The rubber lid was fitted to the cell, and the electrodes, gas dispersion pipette, and ATC probes were positioned. The seawater was allowed to equilibrate to the given pCO 2 level for 40 min, at which point the pH was stable within ±0.002. Once the seawater had equilibrated, equal amounts of carbonate substrate were added to each cell. In the majority of experiments, approximately 1.5 g of substrate was added to each cell, resulting in a solid-to-solution ratio of 6 9 10 -3 . However, due to limited amounts of the coralline algae and bryozoan substrates, solid-to-solution ratios of 2.3 9 10 -3 and 3.4 9 10 -3 were used in the coralline algae and bryozoan dissolution experiments, respectively. The substrate was introduced by pouring it through the air vent, which also served as a sample introduction port. The pH and temperature of the solution as the calcite dissolved were recorded every 5 s for 2 h.
Sample Collection
After 2 h of dissolution, the seawater and solid sample were recovered. The gas pipette and the stir probe were removed from the first cell before sample collection, and the mineral grains were allowed to settle to the bottom, which usually took about 5 s. A siphoning tube consisting of 15-cm plastic PPE tubing was inserted through the air vent/sample port and filled once with seawater to rinse. The siphon was then used to transfer the seawater from the cell to a 200-mL Kimax Ó screw-top bottle with a cone lid and Teflon-taped threads. Extreme care was taken to stop the siphon before any of the grains on the bottom of the cell were siphoned into the bottle. This was repeated to collect the sample from the second cell. Filtration of the samples was considered and evaluated according to methods described by Aquat Geochem (2015) 21:459-485 467 Bockmon and Dickson (2014) , but due to the limited sample volume in the reactors this was not practical. However, because of the relatively consistent results of DIC and TA analyses from the duplicate reactors, we have no indication that accidental inclusion of CaCO 3 substrates in these samples had a significant effect on the results. If this were the case, we would have expected a much greater variability between samples from the two reactors.
TA and DIC Analysis
DIC was characterized using an Automated Infra Red Inorganic Carbon Analyzer (AIR-ICA; http://www.marianda.com) system equipped with a Li-Cor 7000. Replicate injections of 2 mL of sample were used to estimate the DIC relative to certified reference material (CRM) prepared by A. Dickson at SIO. CRMs were analyzed every 5-7 samples to ensure the accuracy and performance of the system. The precision of replicate CRMs on a typical day of analysis was ±2.65 lmol kg -1 (1r, n = 4). TA was determined via potentiometric acid titrations of 90 g sample using an open titration cell system developed by A. Dickson at SIO (Dickson et al. 2007 ). The typical precision of replicate CRMs was ±0.48 lmol kg -1 (1r, n = 3).
Calculations and Data Treatment
Seawater Carbon Chemistry Calculations
The complete carbonic acid system was calculated based on reactor temperature, salinity, DIC, and TA using CO2SYS (Lewis and Wallace 1998) based on constants defined by Mehrbach et al. (1973) and refit by Dickson and Millero (1987) .
Rate Calculations
For each experiment, the substrate was allowed to dissolve for 2 h, at which point the pH was still increasing by a slow but relatively constant rate. The rate was calculated from the total change in TA over the 2-h dissolution period according to:
where W SW designates the weight of the seawater (kg), DTA represents the final minus initial TA (lmol kg
), TA e represents the correction for the increase in TA due to evaporation (6.81 lmol kg -1 ), t is the length of the experiment (h), and W c is the weight of the carbonate substrate (g). The total value is multiplied by 0.5 because the dissolution of one mole of CaCO 3 results in a two mole increase in TA.
The results of these experiments represent average dissolution rates under certain average conditions for specific organisms. Because there is no reliable measurement of reactive surface area for biogenic carbonates (see Sect. 4) and dissolution rates are known to depend on both reactive surface area and mineralogy, no attempt was made to extrapolate the results of specific organisms to general rate laws for Mg-calcites of the same mol% Mg. 
Experimental Uncertainties
The experimental error corresponding to the rate measurements was calculated according to the standard rules of error propagation, by first calculating the error in the numerator term of the rate equation (U RN ) (see Eq. 1) according to:
where U W sw is the precision in the measurement of the weight of the seawater (±0.0001 g), U TA i ; U TA f are the precision in the initial and final TA values (±3 lmol kg -1 ), U TA E is the precision in the TA values used to calculate the evaporation correction (±3 lmol kg -1 ), and U E is the variability (± 3.4 lmol kg -1 , ± 1 standard deviation, n = 32) in the evaporation rate values, averaged to obtain the evaporation correction used. Then, the error in the denominator of the rate equation (U RD ) was calculated:
where U Wc represents the uncertainty in the measurements of the weight of the carbonate sample (±0.0001 g), and U t is the uncertainty in the time measured (±1 min).
Then, the absolute uncertainty (U R ) in the rate measured in each reactor was calculated according to:
where R is the rate, U Rel /R rel is the relative uncertainty, and R N and R D represent the values of the numerator and denominator of equation 1, respectively. The overall error for each experiment was determined by averaging the error of both reactors:
with U T representing the total uncertainty. In all experiments, U T was found to be significantly smaller than the variation in the rates determined by each reactor, which may be due to inhomogeneity in the biogenic samples. In all figures, the error bars in the rates represent the range of rates determined for each experiment.
Results
Seawater Chemistry: Starting Conditions
For the four treatment levels of each dissolution experiment (average pCO 2 values of *3350, 3900, 4490, and 5300 latm), a ''batch'' of seawater was prepared consisting of four 1-L bottles of UV-treated and filtered seawater (see Sect. 2.3.1). Within each batch, the average variability of the measured salinity was ±0.05 (Table 1 ). The average salinity of the seawater used in all experiments was 33.64 ± 0.07. The average variability of the TA within each batch was ±2.57 lmol kg -1 , and the average pre-dissolution TA for all experiments was 2243.09 ± 5.43 lmol kg -1 (Table 1) . In contrast to the relatively constant TA observed between experiments, inorganic nutrient concentrations varied by as much as a factor of 2 to 4. The concentrations of ammonium showed the highest variability, ranging from 0.74 to 2.76 lmol kg -1 , and the concentrations of phosphate were the most constant, varying from 0.30 to 0.73 lmol kg -1 (Table 1) .
Mg Content and Specific Surface Areas
The mol% Mg in each substrate determined by XRD and the specific surface area determined using BET gas adsorption are given in Table 2 . The Mg content of the Iceland spar was found to be 1.3 mol% with an uncertainty of 0.4 mol% based on repeated analyses. The Mg content of the biogenic substrates ranged from 2.4 mol% (goose barnacle) to 17.4 mol% (coralline algae, Porolithon). The BET surface area of the Iceland spar was 0.01 m 2 g -1 , and the BET surface areas of the biogenic substrates ranged from 0.15 m 2 g -1 (sea urchin) to 2.70 m 2 g -1 (coralline algae, Porolithon).
Relative Dissolution Rates
The dissolution rates for Iceland spar calcite ranged from 0.3 to 1.7 lmol g -1 h -1 , whereas rates for biogenic substrates ranged from 2.5 to 18.7 lmol g -1 h -1 , (Fig. 5a -c) at average seawater [CO 3
2-] ranging from 23 to 47 lmol kg -1 and average pH and pCO 2 values ranging from 6.95-7.24 and 3053-5560 latm, respectively. The dissolution rates of all substrates increased with decreasing average seawater [CO 3
2-] and pH and increasing average pCO 2 . For all of the substrates, the relationships between dissolution rate and inorganic seawater carbon chemistry were linear, with correlation coefficients for the biogenic substrates from linear least squares fits ranging from 0.90 to 0.99 (Table 3 ). The observed dependences of the dissolution rates of each substrate on the [CO 3
2-] varied from a minimum of 0.085 lmol g -1 h -1 /lmol kg -1 for the Iceland spar calcite to a maximum of 0.701 lmol g -1 h -1 /lmol kg -1 for the coralline algae, based on the slope of the linear least squares fit ( Fig. 5; Table 3 ). For the biogenic substrates, the dissolution rates of the coralline algae Porolithon showed the least dependence on the seawater chemistry (0.136 lmol g -1 h -1 /lmol kg -1 ) based on the slope of the linear least squares fit to the rate versus [CO 3 2-] data. The relative ranking of the measured dissolution rates of different substrates remained the same at each pCO 2 level, with the exception of some overlap between the bryozoan and Porolithon at the lowest pCO 2 /highest pH and [CO 3
2-] (Fig. 5a-c) . 
Specific Surface Area-Normalized Dissolution Rates
Normalizing observed dissolution rates to substrate specific surface areas as determined via BET gas adsorption resulted in a large change to the relative magnitude of the dissolution rates and most of the dependences on the seawater chemistry, though the linearity of the (Fig. 5a-c) . However, the rate of dissolution and total amount of CaCO 3 dissolved for most of the biogenic substrates were large enough to partly influence the seawater chemistry in the reactor. The observed changes in [CO 3 2-] between start and end conditions ranged from 1 to 11 lmol kg -1 , with an average increase of 5 lmol kg -1 for the biogenic substrates. This reflects a small buffering effect, potentially resulting in an underestimation of the observed dissolution rates for the given pCO 2 conditions relative to a perfectly non-buffered system. This is particularly evident in the dissolution of the coralline algae Porolithon, which caused the greatest overall increase in seawater TA and therefore the greatest changes to the seawater inorganic carbon chemistry. The resultant buffering effect is likely the reason that the dissolution rates of the coralline algae Porolithon had the lowest observed dependence on changes in seawater [CO 3 2-], pCO 2 , and pH (Fig. 5a-c) .
The buffering effect observed in these experiments is likely highly relevant for carbonate dissolution occurring in closed systems, systems with restricted flow, or systems with high solid-to-solution ratios such as in sediment porewaters. In laboratory and model simulations (Andersson et al. 2005; Morse et al. 2006) , buffering in sediments has been shown to result in establishment of a metastable equilibrium between the solution and the least stable Mg-calcite mineral phase present in the sediments. This metastable equilibrium persists until this mineral phase has dissolved completely, and a new metastable equilibrium is established with the next most soluble mineral phase present, leading to sequential dissolution of Mg-calcites according to mineral stability (Table 4) .
However, the small buffering effect introduced by the free-drift method used in this study means that quantification of the relationships between dissolution rate as a functional dependence of [CO 3
2-]/pH/pCO 2 could introduce errors and spurious rate dependences. Additionally, any rate law quantifying the dependence of dissolution rate on the seawater chemistry requires knowledge of the solubility of the dissolving substrate. In the case of biogenic Mg-calcites, this quantity is highly uncertain, because there are essentially two experimental solubility curves for biogenic Mg-calcites. These two curves are known as the ''minimally prepared'' (Plummer and Mackenzie 1974) and the ''best-fit'' (e.g., Bischoff et al. 1987 Bischoff et al. , 1993 Walter and Morse 1984) solubility curves. These terms refer to differences in the sample preparation, as for the ''best-fit'' solubility curve, the samples were annealed before evaluating their stability, while the samples for the ''minimally prepared'' curve were not. The results of these two curves are highly dissimilar, as the ''best-fit'' curve shows that biogenic Mg-calcites between 12 and 16 mol% are only slightly more soluble than aragonite, whereas according to the ''minimally prepared'' curve Mg-calcites in this same composition range are approximately 500 % more soluble than aragonite (Morse et al. 2006) . Because of this uncertainty regarding Mg-calcite solubility, and the potential errors introduced by buffering, we present here only the empirical bulk dissolution rates obtained for the specific experimental conditions, rather than a rate law as a function of inorganic carbon chemistry parameters.
The observed increase in [CO 3 2-] caused by dissolution of the substrate could also have enhanced the relative importance of surface reactions in the dissolution mechanism opposed to transport control. All experiments took place in conditions of pH [ 7 and pCO 2 \ 30,000 latm, which Rickard and Sjöberg (1983) found to be a ''mixed-kinetics'' or ''transition'' region of dissolution for calcite in simple solutions, as in this region both transport (diffusion of H ? ions to and away from the reacting solid) and surface reactions were rate controlling. However, the reactions of CO 3 2-with H ? that caused the observed buffering favor the dominance of surface reactions, because progressively less H ? ions became available for reaction with the solid as the reaction proceeded.
Effect of Solid-to-Solution Ratio
The dissolution of the bryozoan and coralline algae demonstrated significantly higher rates and stronger rate dependence on seawater chemistry than the other substrates. However, this may be because lower solid-to-solution ratios were used in these experiments, 38 and 57 % lower for the bryozoan and coralline algae, respectively, compared with the average of the other experiments, see Sect. 2.5.2.
This lower solid-to-solution ratio reduces the aforementioned buffering effect, which could explain the higher observed dissolution rates of these organisms. Furthermore, the low solid-to-solution ratios may also explain the higher dependence of the dissolution rates of these substrates on the solution chemistry because the smaller amount of substrate did not change the seawater chemistry as much as other substrates with roughly equivalent Mg content and surface area (e.g., benthic foraminifera). This suggests that any buffering effect present in this system would be greatly reduced, resulting in a greater influence of the solution composition on dissolution rates.
Based on these results, the solid-to-solution ratio appears to have had a significant effect on the rates measured using this method; therefore, it is not meaningful to compare the rates of different substrates obtained at different solid-to-solution ratios. For these reasons, the results obtained for the bryozoan and coralline algae are excluded from discussions of the effect of mineralogy and surface area on the relative dissolution rates of the substrates studied. The trends observed for the rest of the substrates with respect to mineralogy and surface area are consistent with observations of the coralline algae and the bryozoan.
Effect of Mineralogy on Dissolution Rates
Dissolution rates at all pCO 2 levels increased with increasing Mg content (Fig. 7) , except in the case of the mixed sediment, which contained up to 23 % by weight Mg-calcite with an average Mg composition of 15 mol%, but is mostly (*70 %) aragonite (Sect. 2.3.2, Andersson et al. in preparation) . The dissolution rates of the mixed sediment were inbetween those of barnacle, composed of 2.4 mol% Mg, and the sea urchin, with a Mg content of 12.5 mol%. This is consistent with the observation that the stability of aragonite is close to that of Mg-calcites with 8-12 mol% Mg. The present results support the hypothesis that Mg-calcites, because of their lower thermodynamic stability (relative to pure calcite) could act as ''first responders'' to OA (Morse et al. 2006) , and dissolve sequentially at rates according to the relative Mg content and stability. However, when and how much Mg-calcites will dissolve as a response to OA remain uncertain, mostly because the solubility of biogenic Mg-calcites in seawater is not well understood (Sect. 4.1). However, by comparing absolute dissolution rates determined at specific conditions for both biogenic calcites and Mg-calcites of varying composition, it appears that Mg content has a significant impact on the dissolution rates of biogenic carbonates.
Relationship of BET Surface Area to Dissolution Rates and BET Surface
Area-Normalized Dissolution Rates
The weight-normalized dissolution rates do not appear to be correlated with the BET surface area (Fig. 8) . Once the dissolution rates were normalized to the BET surface area, they decreased as a function of increasing specific surface area, and the dissolution rates of the Iceland spar calcite (which had the lowest specific surface area) appeared many times larger than those of the other substrates (Fig. 6 ). The fact that the normalized dissolution rates decreased with increasing specific surface area, and the non-linearity of this trend, agree with the observations of many previous studies (Keir 1980; Walter and Morse 1985; Cubillas et al. 2005) which found that BET measurements are not a reliable normalizing factor for biogenic carbonate dissolution rates. The problem with BET measurements stems from the fact that BET quantifies the specific surface area (total surface area per weight), not the reactive surface area (total surface area available for reaction). These two quantities can be very different for biogenic carbonates, which commonly have very complex microstructures. To accurately normalize dissolution rates to surface area, the reactive surface area must be known. At this point, there is no reliable method to measure reactive surface area of biogenic carbonates (Walter Fig. 8 Weight-normalized dissolution rates for all substrates (excluding the coralline algae and the bryozoan) as a function of BET surface area and Morse 1985; Cubillas et al. 2005) . However, the specific surface area can still be useful as a measure of the relative microstructural complexity of the biogenic substrates.
Comparison to Previous Laboratory Experiments
Compared to the experiments by Walter and Morse (1985) using a pH-stat reactor and a variety of shallow-water biogenic calcites, Mg-calcites, and aragonites, the dissolution rates observed in this study are lower by about one order of magnitude (Fig. 9) . However, compared to the experiments of Keir (1980) in a flow-through reactor using artificial seawater and several benthic biogenic calcites, the magnitude of the observed rates is similar (Fig. 9) . These observed differences may be due to several factors including differences in substrate grain size, experimental design, and/or seawater chemistry. Walter and Morse (1985) used much smaller grain sizes (majority 37-125 lm, largest 300 lm in one experiment) than those employed in this study, whereas Keir (1980) investigated sediment grain fractions ranging from \62 to [300 lm as well as individual forams and coccoliths. Both Walter and Morse (1985) and Keir (1980) observed that dissolution rates were highly dependent on grain size. Using the relationship between dissolution rate and substrate grain size as a function of seawater carbonate chemistry determined by Walter and Morse (1984) , the results of Walter and Morse (1985) and Keir (1980) were extrapolated to the median grain size (925 lm) and [CO 3 2-] range (20-45 lmol kg -1 ) used in this study (Fig. 9) . The rates determined by Walter and Morse (1985) for Iceland spar calcite, extrapolated to these conditions, range from 11 to 114 lmol g -1 h -1 , approximately 1-2 orders of magnitude higher than those observed for calcite in this study (0.3-1.2 lmol g -1 h -1 ), and also show a higher dependence of dissolution rates on seawater chemistry. The discrepancies in the absolute rates and rate dependence on seawater chemistry between this study and that of Walter and Morse (1985) and Keir (1980) could be due to a number of factors including the experimental conditions, Fig. 9 Results of Keir (1980) and Walter and Morse (1985) . The pink symbols are results of the substrates from this study with the highest (coralline algae) and lowest (Iceland spar) dissolution rates. The gray and black symbols are the results of Walter and Morse (1985) and Keir (1980) , respectively substrate properties and preparation, as well as the experimental approaches. For example, the pH-stat and the flow-through reactors employed by Walter and Morse (1985) and Keir (1980) , respectively, allow for little to no seawater buffering from the dissolution process, while a small buffering effect is observed in the free-drift reactor. Additionally, the extrapolation of the dissolution rates to the size fraction of this study may not be entirely appropriate as the relationship developed by Walter and Morse (1984) was based on grain sizes from 5 to 513 lm and may not directly apply to the larger grain sizes of this study (850-1000 lm).
Seawater phosphate concentrations varied somewhat between this study (0.30-0.73 lmol kg -1
) and those of Walter and Morse (1985) (\1 lmol kg -1 ) and Keir (1980) (phosphate-free artificial seawater). Phosphate is a known inhibitor of calcite dissolution in seawater (Morse 1974b ) and can alter the calcite undersaturation state at which an abrupt increase in dissolution rate occurs (Morse 1974b) . However, the magnitude of the concentrations and the range of variation of phosphate are small relative to the levels shown to significantly affect dissolution rates (Morse 1974b) , and it is unlikely that phosphate inhibition was a significant cause of the disparity between dissolution rates.
The results of this study were also compared to the results of Yamamoto et al. (2012) , which were extrapolated to the [CO 3
2-] concentrations used in this study. Yamamoto et al. (2012) obtained dissolution rates of foraminifera, coralline algae, coral, and mixed sediment in seawater at varying aragonite saturation states (X a ) using a flow-through reactor in order to determine the threshold X a for Mg-calcites. All experiments were conducted at X a [1. Their measured rates were much smaller than those documented here, even when extrapolated to the much lower [CO 3
2-] concentrations used in this study (*an order of magnitude in most cases). However, the grain size employed was much larger, and because the rates were determined under such a different carbonate chemistry regime (X a [1), the dominant dissolution mechanism may have been different (Fig. 10) . Fig. 10 Results of Keir (1980) and Morse (1984, 1985) , extrapolated to the median grain size used in this study by using the results of Walter and Morse (1984) on the dependence of dissolution rate on grain size. The dissolution rates were calculated assuming that the reaction orders determined for each substrate remained constant over all grain size, and the rate constant has a linear dependence on grain size (see Walter and Morse 1984 , Fig. 4) . The colored symbols are results from this study, and the gray and black symbols are the results of Walter and Morse (1985) and Keir (1980) , respectively 4.6 Significance for Natural Systems and the Potential Consequences of OA for Dissolution of Biogenic Carbonates in Seawater
The conditions created in this study were designed to be analogous to the porewatersediment system, which has restricted mixing and elevated pCO 2 values from decomposition of organic matter (Andersson et al. 2005 Morse et al. 2006 . In particular, the conditions used were designed to be similar to those observed in Bermuda carbonate sediments. This was achieved by using substrates representing some of the most common calcifiers in Bermuda, a grain size corresponding to the dominant size fraction in the sediments, and pCO 2 values based on observations of current values in the Bermuda porewater (Figs. 1, 2) . Numerous laboratory studies and field observations have demonstrated that significant dissolution occurs in shallow-water carbonate sediments. Chave and Schmalz (1966) and Andersson et al. (2007) provided evidence for selective dissolution of Mg-calcite phases according to mineral stability in Bermuda based on sediment composition and changes in overlying seawater chemistry. The results of this study agree with these findings based on an experimental approach. From the dissolution rates of specific organism skeletons from Bermuda (as opposed to observations of bulk sediment), the results of this study may allow predictions of which organisms' calcareous structures should be most resistant to elevated pCO 2 and low pH and [CO 3
2-] conditions in Bermuda sediments. The coralline algae Porolithon, with the highest dissolution rates at all levels, can be expected to dissolve the fastest and thus might have the highest turnover rates in the Bermuda sediment. Conversely, the goose barnacle, with the lowest dissolution rates and lowest Mg content, probably has much slower turnover rates and persists for longer time in the sediments. A relatively simple field experiment could potentially verify this hypothesis.
If we extrapolate the range of measured dissolution rates in the free-drift reactor to a natural setting, assuming a sediment porosity of 50 % and that only a layer of 0.01 m of sediment is dissolving, the rates obtained in this study range from 33 to 121 mmol m -2 h -1 (the lower bound represents the rate of the barnacle at pCO 2 *3300 latm, and the upper bound represents the rate of the coralline algae Porolithon at the highest pCO 2 , *5000 latm). In comparison, dissolution rates of carbonate sediments in Devil's Hole, Bermuda, exposed to elevated CO 2 conditions ranged between 0.2 and 0.8 mmol m -2 h -1 based on accumulation and turbulent flux of TA in the overlying waters (Andersson et al. 2007 ). The depressed rates observed in the natural sediment compared to this study may be due to a range of factors, including differences in the effective solid-tosolution ratio, buffering, inhibition by organic compounds, hydrodynamic conditions and transport of solutes to and from reaction sites, and rates of CO 2 production/addition. For example, the solid-to-solution ratio used in the experimental reactors (*6 g m ) was significantly lower than the solid-to-solution ratio in a carbonate sediment with 50 % porosity (1,360,000 g m -3 ). Therefore, the buffering effect seen to depress dissolution rates in this study is likely even more pronounced in the sediment although this is also a function of hydrodynamic conditions including advection and turnover rates of the seawater. The well-mixed hydrodynamic conditions in the reactor are probably significantly different from conditions observed in the sediment, where the dissolution reaction could potentially be transport-limited, resulting in a slower rate and lower dependence of the rate on the seawater chemistry. Beyond these differences in conditions, the rates observed in the field are themselves subject to a certain amount of error because of the uncertainties associated with calculating turbulent and/or advective flux out of the sediments.
The present experimental results were based on seawater carbonate chemistry conditions currently observed in contemporary carbonate sediments, but fundamentally, we are interested in how carbonate dissolution rates will change in response to future OA. Carbonate sediments make up the majority of CaCO 3 stored on coral reefs and are important to the development of reef structures by lithification and by acting as infilling of reef framework (Hubbard et al. 1998; Eyre et al. 2014) . These reef structures provide important habitats for a large number of species and alleviate potentially destructive wave energy and coastal erosion. If dissolution rates of CaCO 3 reef sediments and structures were to increase as a result of OA to the extent that they surpassed rates of reef accretion (Andersson et al. 2009; Silverman et al. 2009 ), this could have negative implications for the function and role of coral reef ecosystems and the humans dependent on these systems for their livelihood.
Although the present experimental pCO 2 conditions were similar to contemporary conditions observed in Bermuda, it is not well understood how porewater carbonate chemistry conditions will change in response to the perturbation of OA and whether it will have a significant influence on dissolution rates relative to other controlling factors. Porewater pCO 2 varies greatly between sites as a function of sediment properties such as grain size, permeability, flushing, and organic matter content, quality, and rates of decomposition. Thus, the current experimental pCO 2 conditions may not represent future porewater conditions for some areas, while for other areas they will. Although it is not fully known how elevated surface seawater pCO 2 will affect carbonate sediment dissolution relative to microbial decomposition of organic matter, the initial composition of the porewater starts with the overlying seawater. As pCO 2 increases in the water column, the initial solution composition of the porewater will have higher pCO 2 and lower X a . The effect of organic matter decomposition could then cause even lower X a in the porewater and drive additional dissolution compared to present conditions (Andersson and Gledhill 2013) . Preliminary experiments in natural carbonate sediments and in calcifying communities appear to indicate that the dissolution process is highly sensitive and will increase to the projected changes in surface seawater chemistry (Andersson et al. 2009; Cyronak et al. 2013; Eyre et al. 2014; Comeau et al. 2015) , but additional field, experimental, and numerical studies are required to better understand this problem.
Conclusion
The results of this experimental study showed that dissolution rates of biogenic carbonate substrates of varying Mg content from the Bermuda carbonate platform increased as a function of increasing seawater pCO 2 and decreasing [CO 3
2-] and pH. The measured rates increased with increasing Mg content, indicating that this property may influence the turnover rate and resistance of these carbonate substrates to increasing CO 2 and future OA. The present results also confirm the findings of previous studies that BET surface areas are not a reliable normalizing factor for dissolution rates (Keir 1980; Walter and Morse 1985; Cubillas et al. 2005) , and highlight the need for an accurate method to measure the reactive surface area of biogenic carbonates.
